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CHAPTER 2
HYDRAULI C THECRY
Section I. Introduction
2-1.  Ceneral. This section presents hydraulic design theory, available

experinental data and coefficients, and discussions of analysis and problens
related to spillway design. Cenerally, the presentations assunme that the
design engineer is acquainted with the hydraulic theories involved in uniform
flow, gradually and rapidly varied flow, steady and unsteady flow, energy and
monentum principles, and other aspects such as energy |osses, cavitation,

etc., related to hydraulic design. These matters are nornally covered in
hydraul i ¢ handbooks and texts such as those by King and Brater (item 24),
Rouse (items 49 and 50), and Chow (item 10). This manual is presented as
guidance in the application of textbook material and as additional information
not readily available in general reference material. The application of the
theory of flow through spillways is based largely upon enpirical coefficients
so the designer should deal with nmaxi mum and mninum values as well as aver-
ages, depending upon the design objective. To be conservative, the designer
shoul d generally use maximum loss factors in conputing discharge capacity, and
mnimum | oss factors in conputing velocities for the design of energy dissi-
pators. As nore nodel and prototype data become available, the range between
maxi mum and m ni mum coefficients used in design should be narrowed. An
exanmpl e in which the hydraulic design procedures and gui dance di scussed in
this manual are applied to the conputation required to design a typical reser-
voir spillway is shown in Appendix D.

2-2. Basic Considerations. A spillway is sized to provide the required
capacity, usually the entire spillway design flood, at a specific reservoir
elevation. This elevation is normally at the maxi numoperating |evel or at a
surcharge elevation greater than the maxi mum operating level. Hydraulic
analysis of a spillway usually involves four conditions of flow

a. Subcritical flowin the spillway approach, initially at a |ow
velocity, accelerating, however, as it approaches the crest.

b. Critical flow as the water passes over the spillway crest.
c. Supercritical flowin the chute bel ow the crest.

d. Transitional flow at or near the termnus of the chute where the
flow must transition back to subcritical.

Wien a relatively |arge storage capacity can be obtained above the norma
maxi mum reservoir el evation by increasing the dam height, a portion of the
flood volume can be stored in this reservoir surcharge space and the size of
the spillway can be reduced. The use of a surcharge pool for passing the
spillway design flood involves an econom c analysis that considers the added
cost of a dam height conpared to the cost of a wder and/or deeper spillway.
Wien a gated spillway is considered, the added cost of higher and/or addi-
tional gates and piers nust be conpared to the cost of additional dam height.
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Wien an ungated spillway is considered, the cost of reduced flood-control
benefits due to a reduction in reservoir storage must be conpared to the cost
of additional dam height. The transition of flow from supercritical on the
chute to subcritical usually involves considerable energy dissipation. Dis-
sipation of hydraulic energy is acconplished by various methods such as the
hydraulic junp, inpact, dispersion, etc. The type of energy dissipator used
i s dependent upon factors that include site geol ogy, the type of dam struc-
ture, and the magnitude of the energy to be dissipated. The design discharge
for effective energy dissipation is frequently set at the standard project
flood rate; however, each facility nust be evaluated, and the design discharge
used shoul d be dependent upon the damage consequences when the design

di scharge is exceeded.

Section Il. Spillway Discharge
2-3.  Ceneral.
a. The ogee crest spillway is basically a sharp-crested weir with the
space below the |ower nappe filled with concrete. The discharge over a spill-

way crest is limted by the same parameters as the weir, and determ ned by the
fol | ow ng:

1.5
Q= CLeHe (2-1)
wher e
Q = rate of discharge, cubic feet per second (ft% sec)
C = coefficient of discharge
Le = effective length of the crest, feet
He = total specific energy above the crest, feet

Extensive investigations of spillway crest shapes, pressures, and coefficients
have provided empirical data that will allow the designer to develop a spill-
way that minimizes the structural size required for the design discharge.
Minimization of the structure size is achieved by underdesigning the spillway
crest within limits discussed in Chapter 3,

b. An underdesigned crest is defined when the following relationship is
true:

H
£

Hy

> 1

where H, is the crest design head, feet. The design head is a mgjor
paranmeter of the ogee crest shape equation and is discussed in Section Il of
Chapter 3. Underdesigning the crest results in increasing the discharge coef-
ficient significantly above that of the sharp-crested weir; however, the

under desi gned crest results in a reduction of the hydrodynam c pressures on
the crest surface. Depending on the degree of underdesigning, the crest pres-
sures can be significantly less than atnospheric.
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2-4.  Abutnent and Piers. Al spillways include abutnents of sone type, and
many include intermediate piers. The effect that the abutnents and piers have
on the discharge nust be accounted for; this is acconplished by nodifying the
crest length using the follow ng equation to deternmine the effective crest
length L, :

Le =L- 2(nK; + Ka)He (2-2)
wher e
L = net length of crest
n = nunmber of piers
K = pier contraction coefficient
Kg = abutment contraction coefficient

2-5. Effect of Approach Flow.  Another factor influencing the discharge coef-
ficient of a spillway crest 1's the depth in the approach channel relative to
the design head defined as the ratio P/H, , where P equals the crest eleva-

tion mnus the approach channel invert elevation. As the depth of the
approach channel P decreases relative to the design head, the effect of
approach velocity becones nore significant; and at P/H, < 1.0, this effect

shoul d not be neglected. The slope of the upstreamspillway face also influ-
ences the coefficient of discharge. As an exanple, for PPH, > 1, the

flatter upstreamface slopes tend to produce an increase in the discharge
coefficient. Several investigators have provided data on approach depth and
spillway face slope effects. The nost recent work has been done by WES

(item 28). Data fromthis work have been used extensively in this mnual

The pl anform of the approach channel can significantly influence the spillway
di scharge characteristics. The influence of the planformcan be eval uated
thoroughly only by the use of a site-specific physical nodel. |n sone cases a
t wo- di mensi onal nunerical nodel will be entirely adequate. In the case of a
sinple spillway approach, analysis of the water surface profile by a standard
step nethod would be sufficient. Spillway approach channels and slope of the
upstream spillway face are further discussed in Chapter 3.

Section Ill. Gadients

2-6. CGeneral. The basic principle used to analyze steady inconpressible flow
through a spillway is the law of conservation of energy expressed by the
Bernoul Ii (energy) equation. The energy equation, generalized to apply to the
entire cross section of flow, expresses the energy at any point on the cross
section in feet of water by equation 2-3:

r4

H=z+R+q %E (2-3)

wher e

total energy head in feet of water above the datum plane
hei ght above a datum plane, feet

H
Z
p = pressure at the point, pounds per square foot (Ib/ft%
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y = specific weight of water, pounds per cubic foot (Ib/ft®>
o = energy correction coefficient
V = average flow velocity, feet per second (ft/sec)
g = acceleration due to gravity, ft/sec’

For nost practical problems involving regul ar-shaped channels, the energy
correction coefficient may be taken as unity wthout serious error.

2-7. Hydraulic and Energy Grade Lines. The hydraulic grade line, also re-
ferred to as the mean pressure gradient, may be above, below, or at the free
water surface. Defining Z as the invert elevation of a point on the chute,
then Z + p/y defines the elevation of the hydraulic grade line at that
point. The locus of values of Z + p/y along the spillway describes the mean
pressure gradient. The mean pressure gradient at any point along the spillway
is always lower than the energy grade line by the value of the mean velocity
head at that point. The mean pressure gradient is useful in determining pres-
sures acting on the spillway surface and in determining cavitation potential.
For most open channel flow the p/y term can be replaced by Y1 cos 8 where

Y1 is the flow depth normal to the channel bottom and 6 1is the slope of the

channel bottom. Therefore, the sum Z + Y. cos 6 will be equal to the eleva-
tion of the water surface at the point and the free surface is the hydraulic
grade line for all points on the cross section. For this substitution to be
valid, the assumption must be made that the pressure distribution at the point
must be hydrostatic, a condition that will occur if conditions are such that
vertical acceleration of the flow is negligible and the bed slope is mild., A
nonhydrostatic pressure distribution will occur whenever the value of cos™ 6
departs materially from unity, such as with steep spillway chutes. The depar-
ture of the pressure distribution from hydrostatic due to a steep bed slope
does not mean the energy equation cannot be used on steep spillway chutes as a
design tool. It means that the designer must recognize that the values

derived become increasingly inaccurate as the cos2 & value departs further
from unity, This condition describes one of the basic reasons that physical
model studies may be required when designing a spillway.

2-8. Mean Spillway Pressure Conputation. The nean pressure at any |ocation
along a chute 1s determned using the principle of conservation of energy as
expressed by the energy equation. Conservation of energy requires that the
energy at one location on the spillway be equal to the energy at any down-
stream location plus all intervening energy |osses. Expressed in equation
formand in units of feet of water

2 2
Py ! Py V)
z, + ' + o, i z, + 7 + a, e + H (2 - 4a)
or for the hydraulic assunption
v v
Z1 + Y1 cos 8 + oy T = 22 + Y2 cos & + a, T + HL (2 - 4b)
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Information on the determnation of energy losses, H , associated with flow
over spillways is given in appropriate sections of this engineering manual

Section IV.  Spillway Energy Loss

2-9. Ceneral. The determnation of hydraulic energy |oss associated wth
flow through a spillway systemis inportant to the design of the training
wall's, piers, and termnal structure. Energy loss is the direct result of
three conditions: boundary roughness (friction), turbulence resulting from
boundary alignnent changes (form loss), and boundary |ayer devel opment.  Suf-
ficient data and procedures are available to make a reasonably accurate deter-
m nation of the energy |oss during devel opment of the turbul ent boundary |ayer
and for fully turbulent flow. Formlosses are usually mninal for most spill-
ways; however, when the configuration of a spillway is such that formlosses
outside the range of experience are encountered, nodel studies are required
Met hods and data necessary for spillway energy |oss conputations are provided
in the followi ng paragraphs.

2-10. Energy Loss for Fully Developed Turbulent Boundary Layer Flow.

a. Ceneral. Methods for determning the energy |loss related to bound-
ary roughness (friction) have been devel oped by various investigators. The
most notable and wi dely used nethods are the Darcy-Wisbach equation, the
Chezy equation, and the Manning equation. The Darcy- Wi shach equation
invol ves the direct use of a known effective roughness value, k , from which
a boundary resistance (friction) coefficient, f , can be derived for use in
the energy loss conputation. The Darcy-Wisbach equation is applicable to al
fully turbulent flow conditions. The Chezy equation is essentially simlar to
t he Darcy- Wi sbach equation in that it involves the direct use of a known
effective roughness value and is applicable to all flow conditions. The
Manni ng equation, probably the most conmonly used, involves use of an enpiri-
cally derived resistance coefficient, n, and is considered only applicable
to fully turbulent flow  Some investigators such as Strickler have attenpted
to correlate the Manning's n value to a neasured effective roughness val ue
ot hers have equated the Manning equation to the Darcy-Wisbach equation and to
the Chezy equation in order to take advantage of the effective roughness
paraneter used in those equations. These nodifications to the Mnning equa-
tion have all been acconplished in order to establish some degree of confi-
dence for an otherwi se enpirically derived roughness coefficient.

b. Darcy-\Weisbach Equation. The Darcy-Wisbach equation expresses the
energy loss due to boundary roughness in terns of a resistance coefficient,
f, as:

2
_ L (V™ -
he = 7R <.'Zg> (2-5)

where h; is the energy loss due to friction through a length of channel L
having an average hydraulic radius R and an average velocity V . The
energy loss has a length dinension (ft-1b/lb) and is usually expressed in feet
of water. The resistance coefficient, f , is a dinensionless paranmeter which
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can be determned for fully turbulent flow conditions by a formof the
Col ebrook-Wite equation

or by the Strickler-Mnning equation

K 1/3
£ =0.113 <§> (2-7)

whi ch may nore accurately derive the resistance coefficient for R k > 100 .
In both equations 2-6 and 2-7, k is the effective roughness value and Ris
the hydraulic radius. Both equations 2-6 and 2-7 are valid only for fully
turbulent flow defined by the relationship:

200 (4R
Re > 1172 (‘E) (2-8)

where R, is the Reynolds nunber. The actual Reynol ds nunber of the flow
condition is defined as:

R = — (2-9)

where v 1is the kinematic viscosity of the water. Resistance coefficients
throughout the entire range of flow conditions can be obtained through the use
of Plate 2-1.

C Chezy Equation. The Chezy equation defines velocity in ternms of the
hydraulic radius, the slope S, and the Chezy resistance coefficient C in
the form of

V= C(RS)I/Z (2-10)

By equating Sto h/L and rearranging terms in equation 2-10, the Chezy
equation expresses the energy |oss due to boundary roughness as

N

(2-11)

=

I
bl
o |<:
-]

The resistance coefficient, C, is dependent upon the Reynolds nunber and the
effective roughness value. The C value can be determ ned through the use of
Plate 2-1 or by equation 2-12

12.2R> (2-12)

C=32.6 log ( .

for fully turbulent flow conditions as defined by the relationship:
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R > 50 &R (2-13)

Chezy's C can also be determned through the use of the Darcy-Wisbach
resi stance coefficient, f , by equation 2-14:

1/2
c = <§§> (2-14)

The characteristics of f in circular pipe flow have been thoroughly investi-
gated by N kuradse and Col ebrook and Wite; however, a simlar conplete
investigation of the characteristics of C in open channel flow have not been
made due to the extra variables and wide range of surface roughness involved
However, reasonably accurate results should be obtained through the use of the
Chezy equation.

d.  Manning Equation. The Manning equation 2-15 defines velocity in
terms of the hydraulic radius and slope, in a simlar nmanner to the Chezy
equation; however, the resistance coefficient is defined by the Manning's n
val ue.

_ /3 1/2
v = 1.486 nR2 S (2-15)

The constant 1.486 converts the netric equation to foot-second units. By
equating S = h/L and rearranging terms in equation 2-15, the Manning
equation expresses the energy loss due to boundary roughness as

2
hy = \/2”—'—/3 (2-16)
2.21 R

The Manning's resistance coefficient n , reported in nunmerous hydraulic
publications, is founded on enpiricism It does not address the degree of
turbul ence or the interaction between the flow and boundary. The enpiricism
of this coefficient limts its accuracy when applied to conditions somewhat
different fromthose fromwhich it is derived. However, Manning's nethod is
wi dely used due mainly to the large volume of reference data available to
correlate resistance coefficients with boundary conditions and the ease in
which the nethod can be used. \Wen the design involves a significant anmount
of surface roughness energy loss resulting from fully turbulent flow, such as
with a long spillway chute, the Manning' s resistance coefficient my be
calculated to account for the relative roughness effect by the use of

f1/2R1/6

S T (2:17)
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or

rL/6
n = 1.486—6—— (2-18)

and the procedures described for equation 2-6 or 2-7. A review of energy |oss
conputation using the Manning equation 2-16 nodified to account for relative
roughness by equations 2-6 or 2-7 and 2-17 or 2-18 will show that, if the
effect of relative roughness is required, the Darcy-Wisbach or the Chezy

met hod provides a nore direct and sinpler procedure.

e. Roughness Values. Values of effective roughness k normally are
based on prototype neasurements of flow over various boundary materials rather
than physically neasured values. Essentially all hydraulic textbooks provide
extensive data of Chezy's C and Manning's n val ues; however, data are
somewhat limted on effective roughness values k . Some suggested roughness
val ues for various spillway surfaces are provided in the follow ng tabul ation:

Ef fective Roughness

Surface k, feet

Concrete

For discharge design 0. 007

For velocity design 0.002
Excavat ed rock

Smooth and uniform 0.025-0. 25

Jagged and irregular 0.15 -0.55
Natural vegetation

Short grass 0.025-0. 15

Long grass 0.10 -0.55

Scattered brush and weeds 0.15 -1.0

Due to the inability to predict the roughness that will be constructed, the
desi gner shoul d use maxi mum values in conputing flow profiles and m ni num
val ues in conputing energy |osses required for termnal structure design

2-11.  Turbulent Boundary Layer Devel opment Energy Loss. The surface rough-
ness energy loss associated wth free flow (ungated) on an overflow crest
spillway with a P/H, ratio greater than one is dependent upon the devel op-
ment of the turbulent boundary layer thickness. Boundary |ayer devel opnent is
inportant to the designer because the principles of energy | oss based upon the
met hods appropriate for fully turbulent flow are not valid until the boundary
layer is fully devel oped. However, the use of the follow ng procedure is
dependent upon the spillway flow approach conditions confornmng to the
fol l owing assunptions:

a. The flow approaching the spillway must have potential flow velocity
distribution (constant velocity throughout the flow depth).

b. The flow depth is large so that the depth of approach flow can be
consi dered constant.
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C. No restrictions exist at the spillway entrance that would cause an
abrupt disturbance of the water and velocity distribution

The turbulent boundary layer thickness 6 (all values in feet) is a function
of the length, L , along the spillway fromthe start of the crest curve and
the effective roughness, k , described as

-0.233
§ L
2 - 0.08<E> (2.19)

The decrease in energy flux in the turbulent boundary layer caused by friction
is by definition the energy thickness &, . The decrease injthe volume of flow
in the boundary layer caused by friction is by definition the displacement

thickness 51 . Based on experimental data the relationship between the dis-

placement thickness . , the energy thickness 63 , and the turbulent bound-
ary layer thickness is:

%

85

The potential flow velocity at any location T investigated on the spillway
is determined from equation 2-22, using a trial procedure

0.186 (2-20)

0.226 (2-21)

2
u
hy = d, cos 6 + 7z (2-22)
wher e

h; = reservoir elevation mnus spillway elevation at location T , feet
dg = potential flow depth at location T , feet

g = interior angle between spillway face at location T and

horizontal, degrees
u = potential flow velocity, ft/sec

The spillway energy loss, H , in terns of feet of head, is defined by the
fol | owing equation:

3
) 63u

iy 2gq

(2-23)

where q is the unit discharge in cubic feet per second per foot

(ft* /sec/ft). The actual depth of flow, d , at the location under investiga-
tion is equal to the potential flow depth determned from equation 2-23 plus
the displacenment thickness from equation 2-20

d =d, + 8, (2- 24)

The critical point is defined as the location where the turbul ent boundary
| ayer intersects the free surface flow, which is the location where the
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turbul ent boundary layer thickness becomes equal to the actual flow depth.
Downstream from the critical point, energy loss conputations are based on
fully turbulent flow, as discussed in paragraph 2-10, are appropriate. Refer-
ence is nmade to HDC Sheets and Charts 111-18 to 111-18/5 for additional infor-
mation on procedures involved in determ nation of boundary |ayer devel opnent
energy | oss.

Section V. Hydraulic Junp Energy Dissipator
2-12.  Ceneral

a. Types of Energy Dissipators. Spillway energy dissipators are
required to operate safely and effectively throughout a wide range of dis-
charges, for extended periods of time, wthout having to shut down for ener-
gency repairs. Energy dissipators normally used at CE danms are the hydraulic
jump stilling basin, the roller bucket, and the flip bucket. Discussion on
the selection and nerits of each of these dissipators is presented in
Chapter 7

b. Unit Horsepower. \Wen designing an energy dissipator, the horse-
power per foot of wdth entering the dissipator should be determned. Unit
hor sepower, which provides an index of the severity of the entering energy
condi tions, can be expressed as

qy(d; + h,)
bp = —=50 (2-25)
wher e
q = discharge per unit width of3spillway, ft3/sec/ft
Y = unit weight of water, 1b/ft
d1 = depth of flow at entrance to dissipator, feet
h = velocity head = V2/2g where V, = mean velocity of flow at

€ entrance to dissipator, ft/sec

Plate 2-2 depicts the unit horsepower for a nunmber of existing large spill-
ways. This plate is presented to permt the designer to investigate operating
experience with energy dissipators subjected to unit horsepower of a magnitude
conparable to the projected design.

2-13.  Hydraulic Junp Type Energy Dissipator. The hydraulic jump energy dis-
sipator, defined as a stilling basin, Is used to dissipate kinetic energy by
the formation of a hydraulic junp. The hydraulic junp involves the principle
of conservation of nmomentum This principle states that the pressure plus
monentum of the entering flow nust equal the pressure plus monentum of the
exiting flow plus the sum of the applied external forces in the basin. The
hydraulic junp will formwhen the entering Froude nunber F, , the entering
flow depth d, , and the sequent flow depth d, satisfy the following
equation
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d 1/2

2205 (1 +8F? -1 (2-26)

d, 1

wher e
Y

Fi = ~—73 (2-27)

(sdl)

The energy losses within the basin and the forns of a hydraulic junp are
dependent upon the entering Froude number. Wth Froude nunbers F, |less than
4.0, the junp is somewhat inefficient in energy dissipation and is hydrauli-
cally unstable. The entering flow oscillates between the bottom of the basin
and the water surface, resulting in irregular period waves which wll propa-
gate downstream EM 1110-2-1605 presents a discussion on the design of
hydraulic junp stilling basins with entering Froude nunmbers less than 4.0. A
wel | -stabilized and efficient junmp will occur with Froude nunbers F  between
4.5 and 9.0. Junps with Froude numbers F  greater than 9.0 are highly effi-
cient in energy dissipation; however, a rough surface will exist that wll
propagate waves downstream The energy |10SS AE resulting in a hydraulic
jump is equal to the difference in specific energies before, E , and after,
E, the junp which can be estimated by the follow ng equation:

2 1
AE = El - EZ - 4d1d2 (2-28)

The length L  of a hydraulic junp on a flat floor without baffles, end sill,

or runout slope (not necessarily the stilling basin |ength) can be estinated
by the follow ng equations:
I_j = 8. 0d| F| for F| > 5 (2' 293.)
1.5

Lj = 3.5d,F,' for 2 <F <5 (2-29b)

The presence of baffles and/or end sills In the basin will shorten the junp
length and reduce the d, depth required to produce the junp. The analysis

of a hydraulic junp can be acconplished using the principle of conservation of
moment um which requires that the rate of change of nonentum entering and

| eaving the junp be equal to the summation of forces acting upon the fluid.
The forces include the hydrostatic pressure force at each end of the junp

which is expressed as

Ydf
P, == (2-30)
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p. o 14 (2-31)
T
the force exerted by the baffles, expressed as
VZh 2-32
PB = CDp [__32_] ( )

and the force exerted by the face of the end sill which is expressed as:

Pg = 1h, [13 . 5}] (2-33)

wher e

P, = hydrostatic pressure of the entering flow [Ib/ft

P, = hydrostatic pressure of the exiting flow [b/ft

d, = depth of flow above the end sill, feet

P, = force exerted by the baffles, Ib/ft

C, = baffle drag coefficient

p = mass density of water pounds-seconds squared per feet to the fourth

power (Ib-sec’/ft*

V; = average velocity at face of the baffle, ft/sec

h = height of the baffle, feet

p, = force exerted by the end sill, Ib/ft

hy = height of end sill, feet
Equation 2-33 assumes hydrostatic pressure distribution on the end sill. This
assunption is considered valid unless the baffle piers are located too near
the sill, resulting in a reduced pressure on the face of the end sill. The

pressure reduction would require a theoretical increase in the downstream
depth to provide the necessary force for junp stabilization. A friction force
also exists along the basin wetted perineter but is small enough to be

negl ected. Therefore, assum ng two-dinensional flow, the nonentum equation
for a hydraulic junp which includes baffle piers and an end sill can be
expressed as

pqVy ~ pqV3 = P3 - Py + Py + Pg (2-34)

where V; s the nean velocity at exit of dissipator or restated as

2 2 2
P _ )., (B4 Vs h h, (2-35)
" (5% - 5] ’[7 E Mt A

Solution of this equation for the required depth d; can be acconplished by
successive trials for any specific baffle pier and end sill arrangenent pro-
vided information is available to evaluate the baffle force. The baffle force

i s dependent upon the drag coefficient corresponding to the type of baffle
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used and the velocity in the vicinity of the baffle. The appropriate velocity
can be estimated from Plate 2-3, which shows the distribution of velocity in a
hydraulic junp. The baffle drag coefficient is a function of baffle shape and
spacing. Linited information available on baffle drag coefficients indicates
that the follow ng values should be reasonable: 0.6 for a single row of baf-
fles and 0.4 for a double row  Further discussion on baffles and end sills is
found in Chapter 7.

2-14.  Sidewal | Dynamic Load. The turbulence created by the hydraulic junp
i mposes forces on the stilTing basin sidewalls. The nagnitude of the dynanic
load is inportant in the structural design of the walls. Tests to determne
sidewal | forces were conducted at WES with an instrumented sidewall in a
stilling basin that did not contain baffles or an end sill (item 19). These
tests were conducted with Froude numbers F; that varied between 2.7 and 8.7
and resulted in the devel opnment of the followi ng enpirical equation:

1.05 -1.42

R = 3.75H PV, qF; (2. 36)

wher e

R, = average mnimum static plus dynamc unit force at the toe of
the hydraulic junp, Ib/ft

H = spillway height, crest elevation mnus stilling basin apron
el evation, feet

The magnitude of the unit force on the sidewal|l varies along the length of the
stilling basin. Plate 2-4 defines the variation in unit force by use of the
normalizing functions, described by equations 2-37 through 2-39, versus the

di stance ratio x/L, .

R - Rm
T -r - C (2-37)
s m
(R,) - R
+ m
T % (2-38)
s m
(R) -R
— m _ -
- RrR - C_ (2-39)
s
where
x = distance measured from the point of intersection of the spill-
way slope and the basin apron to the center line of the wall
unit being analyzed
Lb = length of the stilling basin, feet
R,R ,R_ = average unit resultant force, maximum instantaneous unit

resultant force, and minimum instantaneous unit resultant
force, respectively, acting on the sidewall when the actual
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depth of tailwater dy is less than or equal to d2 or the

basin wall height, Ib/ft
R. " static unit force on the sidewall unit due to the theoretica
S sequent depth for a hydraulic junp, Ib/ft

When dw > d, , R, R, and R nust be adjusted as shown by equation

2-40 through 2-42 to account for the increased force resulting fromthe dif-
ference between dy, and d, :

_ Y (42 Y
Ra = R + 5 (éTw d%) (2-40)
_ Y (42 Y )
Ra+ = R+ + 5 (%Tw d2> (2-41)
_ Y (42 _ 42 )
Ra_ =R_+ 2 (éTW d2> (2-42)
where Ra , Ra , and Ra are the adjusted average unit resultant force, the

+ -—
adjusted maximum instantaneous unit resultant force, and the adjusted minimum
unit resultant force, respectively. The distance above the stilling basin
apron, Y , to the resultant of the unit force acting on the basin wall is
determined by the use of Plate 2-5, which defines the relationship between
Y/dTw and X/Lb . Appendix E includes an example problem illustrating the

recommended application for estimating the magnitude and locations of the
resultant dynamic forces acting on a stilling basin sidewall.

Section VI. Cavitation

2-15.  Ceneral. Cavitation is defined as the formation of a gas and water
vapor phase within a liquid resulting fromexcessively |ow |ocalized pres-
sures. Wen associated with the design of spillways, cavitation is inportant
because the vaporization occurs on or near the nonfluid boundary (spillway
surface) resulting from localized boundary shape conditions. Cavitation
damage results when the gas and water vapor-filled void is swept fromthe

| ow pressure zone into an adjacent higher pressure zone which will not support
cavitation, causing the void to collapse. The collapse of the void results in
extremely high pressures, and when they occur at or near the nonfluid bound-
ary, will forma small pit. Wen given sufficient time, nunerous void col-

| apses result in numerous small pits which eventually overlap, leading to

| arger holes. This damage, in turn, aggravates the localized |ow pressure
zone, thereby creating a self-breeding continuation of the damage. The exis-
tence and extent of cavitation damage are dependent upon the boundary shape,

t he damage resistance characteristics of the boundary, the flow velocity, the
flow depth, the elevation of the structure above sea level, and the length of
time the cavitation occurs. Cavitation damage can be detected at one or nore
| ocations in essentially all high-velocity flow structures; however, and for-
tunately, nost damage is minor and results fromcavitation conditions at or
very near the incipient damage level. Wen incipient levels are exceeded,
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serious damage will occur. At Libby Dam a construction-related msalignnent
of the parabolic-shaped invert of the open channel flow sluices resulted in
cavitation danage that renoved concrete and reinforcing steel throughout an
area 54 feet in length, up to 7 feet wide, and up to 2.5 feet deep on both the
floor and the right wall (item47). At Hoover, Yellowail, and G en Canyon
Dans, severe cavitation damage occurred in tunnel spillways near the tangent
point of the vertical curve which decreases the slope of the spillway. The
spillways at these dams are tunnel-type structures which were operating at
open channel flow conditions with average flow velocities in excess of

100 ft/sec when the damage occurred. Simlar flow conditions can exist on a
spillway chute. Damage to concrete surfaces can occur at velocities signifi-
cantly less than 100 ft/sec provided the correct conbination of cavitation
paraneters exists. As a rule of thunb, cavitation should be investigated
whenever flow velocities are in excess of 35 ft/sec.

2-16. Cavitation Damage. The damage potential resulting from cavitation is
dependent upon the boundary shape, the damage resistance characteristics of
the boundary, the flow velocity and depth, the elevation of the structure
above mean sea level, and the length of time cavitation occurs. The boundary
shape, velocity, and elevation are related by the cavitation index, ¢ , which
is derived from the energy equation:

Yo % vioP
7a + T + Zy = % + 7 +2, (2-43)

where P is the absolute pressure, Ib/ft>. Wth H = P/y the comparable
equation is

]
—
!
|
+

(2-44)

For high velocities the elevation termin equation 2-44 can be ignored. The
di mensi onl ess paraneter on the left side of the equation is known as the pres-
sure paraneter. Replacing H, with the absolute head required for vaporiza-
tion of water at the elevation of the structure above sea |evel and rearrang-
ing terms in order that o will be positive, the flow cavitation index is

0= — (2-45)

wher e

H,

HV

Various investigators have experimentally determined the o-incipient

reference head, feet
vapor head of water, feet
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cavitation relationship for a nunber of specific boundary shapes. These
experimental |y derived data have been reduced to curves describing the incipi-
ent cavitation level for specific boundary shapes (Plates 2-6 through 2-9).
Cavitation damage can be expected if a specific u-boundary shape rel ationship
can be plotted on or to the right side of the curve. Wen this condition is
evident, a design change must be made that either increases the o value,
snmoot hes the boundary shape, or both. As o decreases below the incipient
cavitation level, the cavitation damage potential increases very rapidly.
Investigations (item 14) have found that the cavitation energy absorbed by the
nonfluid boundary increases by the eleventh power of the velocity.

2-17. Cavitation Damage Prevention. Cavitation-induced danmage can be pre-
vented by a nunber of methods. As shown in paragraph 2-16, damage can be
prevented by increasing the cavitation index and/or by providing a snoother
boundary shape. However, changes of this type are usually inpractical or at
best difficult to acconplish due to the physical limtations inposed by the
required design and construction practices. Changing the damage resistance
characteristics of the boundary will inhibit the damage produced over-a finite
period of time. As an exanple, structural concrete exposed to cavitation
resulting froma flow velocity of 98 ft/sec for 3 hours resulted in a hole

0.5 inch deep. Under the same conditions with polynmerized concrete, the sane
size hole resulted after 6,000 hours. The use of hardened boundaries also has
physical limtations, and results only in resisting the cavitation forces for
a given period of time. A vrelatively new and very effective nmethod of pre-
venting cavitation-induced damage is to disperse a quantity of air along the
fl ow boundary. This is achieved by passing the water over an aeration slot
specially designed to entrain air along the boundary. This method has been
used to prevent cavitation damage at various high-velocity flow facilities
including Libby Dam sluices (item 46). Prototype tests of boundary pressures
were obtained at identical |ocations and hydraulic conditions for pre- and
post-boundary aeration. These tests showed that aeration of the boundary
resulted in raising instantaneous pressures that were very close to absolute
zero to pressures near atmospheric. Data collected from these tests were used
to derive the cavitation index. The post-boundary aeration cavitation index
showed an average increase of about 50 percent above the preaeration condi-
tion. The aeration slot geometry and |ocation nust be designed for the
specific application. Some design guidance has been developed (item 13) to
assist in aeration slot design and should be used to develop an initia

design. Until significantly nore experience, data, and design guidance are
devel oped, nodel studies of aeration slot design are recomended.
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